The study was about the corrosion behavior of zinc-clad steel in simulated soil solution suffered from pH and chloride ions using polarization curves, electrochemical impedance spectroscopy and total immersion weight loss technique. The results showed that the corrosion rate of zinc-clad steel was decreased with the increase of pH value of 6, 7, 8 in simulated soil solution and increased with the increasing of chloride concentration ranged from 2 to 6g/L. while the rate was decreased gradually with the increasing of chlorine ions in the range from 6 to 10 g/L. With the increase of immersion time, the corrosion rate of zinc-clad steel was firstly decreased and then increased. The bottom of zinc-clad cylinder, which was the junction of zinc and steel, suffered severe galvanic corrosion, pitting and corrosion rate was greater than its side.
Introduction
Grounding system is an important channel of substation discharge. It is crucial to protect the safety of personnel safety and electrical equipment to ensure the normal work of electric power system [1] [2] [3] .The grounding grid of our country is mainly made of steel materials, which is prone to severe corrosion and has become potential hazards on substation safe operation. So the new ground materials should come into being. According to the development trend and market demand, Zinc-clad steel as a new type of grounding materials of double metal composite has been developed. The new material with steel of high strength, favorable thermal stability, cathodic protection to reduce the corrosion of steel effectively. At present, the research for zinc-clad steel is still in its infancy. Li Han, etc. [4] studied on the microstructure and defect of zinc-clad steel grounding electrode material, showed that zinc and iron atoms had not spread to the other matrix, thermal expansion coefficient of zinc and steel was different, Zn/Fe interface had a large internal stress, caused the interface to render large cracks. Wang, et al. [5] compared three kinds of typical stainless steel corrosion phenomena in different concentration of KCl solution, the results showed that when the chloride ion concentration was low, the corrosion tendency was increased gradually with the chloride ion concentration increasing. While chloride ion concentration exceeded a certain value, chloride ions was increased continuously, the corrosion would decrease. At present, there is no report about the corrosion behavior of zinc-clad steel grounding material in soil simulated solution.
In this paper, the corrosion behavior of zinc-clad steel in simulated soil solution in the south of China was studied, which provided theoretical basis for the selection of zinc-clad steel grounding material in power system.
Experimental Section

Experimental Materials
The experimental material was zinc-clad steel, which had a steel core of Q235 with 18 mm (chemical composition of Q235 as shown in Table 1 ) and it was coated with pure zinc of 6 mm (more than 99.995%)thickness. Zinc-clad steel was machined into a small cylinder of 8 mm in height by cutting machine. The side surface of the material (zinc layer) and the bottom surface (zinc-coated steel interface layer) were selected as the working surface, and all the non-working surfaces were treated with epoxy resin sealing. The working area was 7.5 cm 2 (the side) and 7 cm 2 (the bottom). The face of the material was polished by 400-1000 # sandpaper, was degreased with anhydrous ethanol and deionized water, and then was dried. 
Preparation of Experimental Soil and Electrolyte
Experimental soil samples were taken from the depth of 1m of a substation in the south of China. The main soil components were shown in Table 2 . The soil samples were naturally dried and sieved (20 mesh, 0.5-1.0 mm) after removal of other debris, and dried at 105 °C for 6 h. The soil was mixed with deionized water in a ratio of 1: 1, which was referred to the literature [6] . After stirring completely, the solution was filtered and the clarified solution was divided into eight barkers averagely (all the soluble ions dissolved in the clarified soil).The pH of solution in three barkers was adjusted to 6, 7 and 8 with acetic acid. And the chloride ion concentration of the other five barkers was adjusted to 2, 4, 6, 8 and 10 g/L.
Electrochemical Experiments
Electrochemical experiments were conducted by three electrode systems. The work electrode was zinc-clad steel (zinc layer), the auxiliary electrode was platinum electrode (size 40mm × 25mm × 0.4mm), and the reference electrode was saturated calomel electrode (SCE). Electrochemical testing was performed using CHI660A electrochemical workstation. Polarization curve scan rate was at 0.5 mV/s, the scan scope ranged from -100 to 100 mV (relative to the open circuit potential). Analysis software was Powersuite. The impedance spectroscopy was performed under the open circuit potential. The AC impedance test frequency range from 100 KHz to 0.01 Hz, and the AC excitation signal amplitude was 10 mV.
Weight Loss of Full Immersion
Prepared zinc-clad steel (the side and the bottom) was immersed in simulated soil solution, keeping the temperature steadily, and using fresh solution every day. After the step of immersing, the material was cleaned with saturated ammonium acetate, deionized water and ethanol step by step. Then the maximum corrosion depth and weight of the sample were measured.
Results and Discussion
Polarization Curve Analysis
The corrosion behavior of zinc-clad steel on the side in simulated soil solution was investigated by electrochemical potentiodynamic polarization method. The fitting results of polarization curve was shown in Table 3 . In the table, Ecorr was for the corrosion potential, Jcorr was for the corrosion current, βa was for the anodic polarization curve slope, βc was for the cathode polarization curve slope. As shown in table 3, the absolute slope of Tafel slope in simulated soil solution was larger than that of anode, which indicated that the corrosion reaction was controlled by cathodic oxidation-reduction.
The conclusion could be gotten from the simulated results as follows: the corrosion current density and corrosion rate of zinc-clad steel on the side increased with the increasing of the chloride ion concentration from 2 to 6 g/L. While the corrosion current density and corrosion rate of zinc-clad steel was reduced with the increasing chloride concentration after 6 g/L. In other word, the corrosion at 6 g/L was the strongest. On the other hand, the corrosion current density and corrosion rate were decreased with the increasing of the pH value of the solution, which reached the maximum at pH 6. That indicated the pH of the soil simulation solution directly affected the cathode reaction. The cathodic reaction was turned from hydrogen evolution corrosion to oxygen absorption corrosion gradually. It was caused by that the corrosion rate of hydrogen-evolution was higher than the oxygen corrosion rate. 
Electrochemical Impedance Spectroscopy (EIS) Analysis
The corrosion behavior of zinc-clad steel on the side in simulated soil solution for one day was also investigated by electrochemical impedance spectroscopy (EIS). The equivalent circuit model of the system had been determined as shown in Fig. 4 , where Rs was the solution resistance, Rc was the charge transfer resistance and Q was the interface capacitance. The fitting results from the equivalent circuit R (QR) fitting with the electrochemical impedance spectra were shown in Table 1 . It could be seen that the charge transfer resistance of zinc-clad steel decreased and the corrosion rate increased with the increasing of chloride ion concentration in the range from 2 to 10 g / L. The charge transfer resistance was reduced to the minimum of 945.6Ω • cm2 and the corrosion rate reached the maximum at 6g / L. The charge transfer resistance of the zinc-clad steel was increased and its corrosion rate was decreased with the increasing of pH in the solution, which was weak acid, weak alkali and neutral. The result indicated that the corrosion rate by hydrogen was greater than oxygen.
The corrosion resistance of the grounded material could be evaluated with the value | Z | 0.05 of the impedance film at the frequency f = 0.05 Hz [7] . The larger the value of | Z | 0.05 was, the better the material resisted to corrosion. The curve of | Z | 0.05 of the impedance film of zinc-clad steel on the side was shown in Fig. 2 in different concentration solution of chloride ions. At the beginning of immersion time, the impedance of film value | Z | 0.05 was increased with the increase of immersion time, the value reached the maximum at 40 d, then decreased with the growth of the immersion time. That was caused by a passivation layer formed on the material of zinc-clad steel on the side at the beginning of immersion. The passivation layer could prevent from the corrosion. As the corrosion progressed, the passivation film was detached and the corrosion was accelerated, so| Z | 0.05 was decreased.
The | Z | 0.05 value was decreased with the increasing of chloride ion concentration from 2 to 6 g / L, while increased with chloride ions increasing from 6 to 10 g / L. The value reached the minimum at 6 g / L. The phenomenon was probably due to reduced oxygen content in the solution with the chloride ions increasing. The investigation of pH to zinc-clad steel showed that the value of |Z| 0.05 increased with the increasing of pH, which due to H + could strengthen the corrosion of zinc-clad steel.
Analysis of Weight Loss
Pitting and corrosion rates were common and very accurate to evaluate metal corrosion. The corrosion behavior of zinc-clad steel on the side and bottom in simulated soil solution was analyzed by weight loss of full immersion, respectively. The bottom of the material was the junction of zinc and steel. Its corrosion depth and corrosion weight loss were measured in different solution of chloride ions as shown in Fig. 3 and Fig. 4 . The maximum corrosion depth on the side was increased steadily the increase of chloride concentration and immersion time in The corrosion weight loss and its rate were increased with pH decline (Fig.5) . The loss increased with the immersion time, the rate increased at the beginning of 0 to 60 d, while decreased after 60 d with the immersion time growth. The average rate was shown in table 5. The rate of the bottom was greater than the side. That indicated that galvanic corrosion of the junction of zinc and steel could accelerate corrosion. 
Conclusions
The phenomena of zinc-clad steel suffered form pH and chloride ions in simulated soil solution were investigated using Polarization curves, electrochemical impedance spectroscopy and weight loss of full immersion technique. The results showed that pH value and chloride ions played an important role in the corrosion behavior of zinc-clad steel. At the range of pH from 6 to 8, zinc-clad steel corrosion rate was decreased with the increasing of pH value. With the extension of the immersion time, the corrosion was increased during the whole process and the corrosion rate at first was decreased and then increased. When the chloride ions at the concentration from 2 to 6 g/L, zinc-clad steel corrosion rate increased with the increase of chloride ions, while in the range from 6~10 g/L, zinc-clad steel corrosion rate was decreased with the increasing of chloride ions. The corrosion rate and pitting corrosion of the bottom of zinc-steel interface were higher than those of the side on the zinc surface, which indicated that zinc clad steel material had anti-pitting effect.
